The BH3-only class of Bcl-2 family proteins triggers mitochondrial apoptosis. Several mechanisms are used to restrain the pro-apoptotic activity of these proteins. Dynein light chain (DYNLL) 1 and 2 has been proposed to negatively regulate the activity of Bim and Bmf, respectively, and the Bim-DYNLL1 interaction leads to the formation of large protein complexes on mitochondria. Here we found that Bim and Bmf interact with both isoforms of DYNLL (DYNLL1 and DYNLL2). DYNLL1/2 not only induced homo-dimerization of Bim and Bmf but also led to the formation of ternary complexes (Bim-DYNLL-Bmf), both in cell-free and in cellular systems. DYNLL-induced oligomerization stabilized Bmf in cultured cells and inhibited its degradation by the ubiquitin-independent 20S proteasome in a cell-free system. Surprisingly, overexpression of wild-type Bmf but not of a DYNLL-binding-deficient mutant induced degradation of endogenous Bim in different cell lines, but both variants sensitized to apoptosis. Mutant Bmf incapable of interacting with anti-apoptotic Bcl-2 proteins and of inducing apoptosis still caused Bim degradation. These results suggest that Bmf overexpression-induced Bim degradation is not due to the displacement of Bim from anti-apoptotic Bcl-2 proteins but a direct consequence of the modulation of Bim-DYNLL association. A peptide derived from the DYNLL-binding domain of Bim also led to the degradation of Bim as well as of its preferred binding partner Mcl-1. Thus DYNLL regulates the mitochondrial pathway of apoptosis by determining the stability of Bmf, Bim, and Mcl-1 proteins.
Introduction
Mitochondrial apoptosis is regulated by the Bcl-2 protein family. This family encompasses three functional groups of proteins: two effector molecules (Bax and Bak) can permeabilize the outer mitochondrial membrane, release cytochrome c and thereby activate caspases. A second proapoptotic group, known as BH3-only proteins, can activate Bax/Bak. Some BH3-only proteins can directly bind to Bax/ Bak, while all of them can at least enhance apoptosis by inactivating anti-apoptotic Bcl-2 proteins. The anti-apoptotic Bcl-2 proteins can bind both Bax/Bak and BH3-only proteins and thereby inhibit apoptosis (reviewed in [1] [2] [3] ).
How the Bcl-2 protein family integrates upstream signals to initiate mitochondrial permeabilization is still an area of considerable uncertainty. BH3-only proteins may be transcriptionally upregulated, for instance, by p53-activity [3] . There are, however, also instances where no changes in the expression levels of Bcl-2 family members are seen [4] , suggesting posttranslational regulation. The BH3-only protein Bim that is important in the immune Edited by D. Vaux system [5] as well as for apoptosis in epithelial tumors [6] is a case in point. Bcl-2-modifying factor (Bmf) is another important BH3-only protein that has been implicated in B cell development [7] , anoikis [8, 9] , and in apoptosis induction during inhibition of CAP-dependent protein synthesis [10] .
Studies of the isolated BH3 domains have reported that Bim is a more potent direct activator of Bax and Bak [11, 12] when compared to Bmf [13] . Bim is also stronger in terms of indirect activation of Bax/Bak, which occurs through the inactivation of anti-apoptotic Bcl-2 proteins [11, 14] .
Intriguingly, similar functions of Bim and Bmf have been observed in a number of experimental systems. In neurons, both Bim [15, 16] and Bmf [17, 18] are involved in the regulation of apoptosis during kinase signaling. Extracellular signal-regulated kinase signaling has substantial effects on the activity of Bim [19] as well as on Bmf [20] . A HDAC4-RelB-p52 complex repressed both Bmf and Bim gene expression [21] . Both Bim and Bmf have been found to regulate B cell and hematopoietic stem cell survival [7, [22] [23] [24] . Molecularly, the two BH3-only proteins share another salient feature, namely, the ability to bind dynein light chain (DYNLL). By yeasttwo-hybrid screening, Bim isolated DYNLL1 while Bmf preferentially isolated DYNLL2 clones [25, 26] . However, in pull-down assays using GFP-DYNLL1/2 and truncated Bim or Bmf, no binding preference was observed [27] , which is not surprising since the two isoforms of DYNLL, DYNLL1 and DYNLL2, are almost identical. It has been initially suggested that DYNLL1 and 2 sequester Bim and Bmf to the microtubule and actin cytoskeleton-associated motor complexes, respectively. However, Bim localizes to mitochondria upon synthesis [28] and is largely found in the mitochondrial fraction [29] . The situation has not been as thoroughly investigated for Bmf although epitope-tagged Bmf was also found at mitochondria [10] . The view that DYNLL proteins act as cargo adaptor for the cytoskeleton-associated motor complexes is no longer considered correct; rather, DYNLL1/2 can bind two identical protein molecules and dimerize them [30, 31] .
Nonetheless, DYNLL appears to play a role in regulating the activity of Bim and Bmf. The isoform of Bim (Bim S ) lacking the DYNLL-binding domain (DBD) has been shown to be more active [26] . Intriguingly, Bmf isoforms that lacked a functional BH3 domain but retained DYNLLbinding enhanced colony-forming potential of HeLa cells upon overexpression [32] , suggesting an activity other than interaction with Bcl-2 protein families. Furthermore, conditional loss of the DYNLL1-regulating transcription factor ASCIZ or DYNLL1 leads to B cell lymphopenia due to enhanced Bim-dependent apoptosis [33, 34] .
We have recently analyzed the Bim-DYNLL interaction at the molecular level [35] . However, the actual molecular activity of Bmf has not been investigated beyond the binding activity of its BH3 domain within the Bcl-2 family.
In this study, we tested biophysical and biochemical characteristics of Bmf-DYNLL interaction in a cell-free system. In intact cells, we investigated the consequences of Bmf-DYNLL interaction in regulation of its turnover and its pro-apoptotic activity. Our data show that the role of DYNLL goes beyond homo-oligomerization of Bim and Bmf and identify ternary complexes of Bim-DYNLL-Bmf, extending the interactions in the Bcl-2 family to complexes of two different BH3-only proteins. Furthermore, we find that DYNLL-induced oligomerization is essential for the posttranslational stability of Bim and Bmf. Overexpressed Bmf destabilized Bim, probably by occupying both DYNLL-binding grooves. were derived from bone marrow of C57BL/6-deficient mice as described earlier [36] . Hoxb8 neutrophil progenitor cells (Hoxb8 NPCs) were established by retroviral transduction of ER-Hoxb8 and cells were selected in the presence of stem cell factor. The transduced cell lines were cultured in Optimem medium (Invitrogen) supplemented with 10% FCS (Gibco), 30 mM β-mercaptoethanol (Sigma), antibiotics (100 IU/mL penicillin G and 100 µg/mL streptomycin sulfate), 1% supernatant from stem cell factor (SCF)-producing Chinese hamster ovary cells (gift from Dr. Hans Haecker, Memphis), and 1 μM β-estradiol (Sigma). The SCF withdrawal or differentiation assays with Hoxb8 NPCs were performed by either culturing the cells in a medium devoid of SCF or β-estradiol, respectively. All the cells were incubated in a CO 2 incubator (37°C at 5% CO 2 ). The Mcl-1 inhibitor S63845 (SelleckChem) was dissolved in dimethyl sulfoxide and further diluted in the culture medium to the desired concentration. Hygro and then with the lentiviral vector pF5xUAS-GW-SV40-Puro encoding the transgenes. Selection of cells was done using 800 µg/mL hygromycin (Invitrogen) and 5 μg/mL puromycin (InVivoGen). The Bmf constructs were induced by treating the cells with 400 nM 4-HT (Sigma) for the indicated periods of time. The Hoxb8 NPCs (wt, Noxa −/− , and Bim −/− Noxa −/− ) stably expressing different Bmf constructs were transduced by the pMIG-GW retrovirus by centrifuging 100 × 10 3 cells in 1 mL of virus supernatant (supplemented with SCF, β-estradiol, and polybrene) at 1800 rpm for 90 min at 30°C in a 12-well plate. Thereafter, 1 mL of fresh culture medium was added and cells were incubated in a CO 2 incubator. The green fluorescent protein (GFP)-positive cells were then sorted after 1 week of culture and used for further experiments. For GFP-DBD/DBD-AA construct, GFP was amplified from pEGFP-N1 vector using GFP-specific forward primer. The coding sequences for the DBD or DBDAA are included in the reverse primers. 293FT cells were transfected using FuGENE® HD transfection reagent (Promega) following the manufacturer's protocol. The sequences of the primer are enlisted in Table 1 . 
Materials and methods

Cell culture
Generation of plasmids, viral vectors, and cell lines
Gel electrophoresis and western blotting
The cells were harvested by trypsinization, washed once with phosphate-buffered saline (PBS) and lysed in lysis buffer (20 mM Tris/HCl at pH 7.4, 150 mM NaCl, 10% glycerol, 1% Triton X-100, protease inhibitor mix [Roche]) for 30 min on ice. After the incubation, cells were centrifuged at 4800 rpm for 10 min. The supernatant were collected and proteins in the lysates were quantified using Bradford assay (Bio-Rad). The proteins were then denatured with 1× Laemmli buffer and by heating at 95°C for 5 min. Equal amounts of protein samples were separated by SDS-PAGE and blotted on a polyvinylidene difluoride (PVDF) membrane using wet transfer. The membranes were blocked in 5% milk in TBS-T and probed with different primary antibodies overnight at 4°C. Incubation with secondary antibody was done for 2 h at room temperature (RT). For BN-PAGE with isolated mitochondria, the harvested cells were washed once with PBS and resuspended in MB-EDTA buffer for 15 min prior to fractionation as described before [28] . Mitochondrial fractions were prepared, and proteins were quantified by Bradford assay. Equal protein amounts were solubilized with BN-PAGE lysis buffer (20 mM Tris/HCl at pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 1% digitonin, 1 mM PMSF) for 15 min on ice. The samples were then centrifuged at 10,000 × g and the supernatant was collected in a separate tube with 1× BN-PAGE loading dye. Samples were separated on a 6-16.5% polyacrylamide gradient gel followed by wet transfer to a PVDF membrane. The blotted proteins were then detected as described above.
Antibodies The primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies against antirabbit (Sigma), anti-mouse (Dianova), or anti-hamster (Dianova). The signals were detected using enhanced chemiluminescence reagent (GE Healthcare or Thermo Scientific) on an Intas Imaging system.
In situ proximity ligation assay (PLA)
PLA was performed with the Duolink In Situ Fluorescence Kit (OLINK). Briefly, 25,000 cells were seeded on coverslips in 24-well cell culture plates. After 24 h of culture, the cells were washed and fixed with 4% paraformaldehyde (PFA) for 10 min. After washing thrice with PBS, the cells were permeabilized with 0.1% Triton X-100/PBS, and blocked with 5% bovine serum albumin (BSA)/PBS. The cells were then incubated with the primary antibodies (V5 antibody 1:400; and α-HA antibody 1:1500) in 5% BSA/0.5% saponin/PBS for 1 h. Incubation with anti-mouse and anti-rabbit probe conjugated secondary antibodies and detection were performed according to the manufacturer's instructions. Cells were analyzed with the appropriate filters in a Keyence BZ-9000 fluorescence microscope. The interaction spots were counted using the ImageJ program.
Cytochrome c release with isolated mitochondria Mitochondria were isolated as described above and the cytochrome c release assay was performed with recombinant Bmf, Bim L , and Bax as described earlier [28] . The recombinant human Bax protein was purified using a published protocol [37] and pTYB1-Bax as an expression vector. Purification strategy for full-length Bim L has been described earlier [35] . Recombinant Bmf was purified following a similar strategy as described for Bim L .
Labeling of recombinant proteins with fluorophore
Full-length recombinant Bmf (Atto488 or Atto655), Bim L (Alexa488 or Atto655), and DYNLL1/2 (Atto655) were labeled by incubating the proteins overnight with ten-fold molar excess of the respective reactive dyes at 4°C. The free dye and the salt were separated using a PD-10 desalting column packed with Sephadex G-25 resin (GE Healthcare). The fluorophores emitting in the green (Atto488 and Alexa488) and red channel (Atto655 and Alexa647) are denoted here with the letter "G" and "R," respectively, after the name of the labeled proteins.
Solution fluorescence cross-correlation spectroscopy (FCCS)
For solution FCCS experiments, 40 nM of Bmf and Bim L and 80 nM DYNLL1/2 were incubated in 200 μL of PBS (pH 7.4) for 30 min in a well of pre-blocked (1% BSA) Lab-Tek chambers (Nunc). Images were acquired on a LSM710 confocal microscope and each acquisition lasted 20 s (>10,000 times longer than the diffusion time of the labeled proteins) to ensure accumulation of sufficient data points for the generation of autocorrelation curves. The cross-correlation (CC) was calculated assuming three-dimensional (3D) diffusion of the proteins as described [38] .
Calcein release assay
In order to perform calcein release experiments, we extruded LUVs as described above using a buffer containing 10 mM Tris pH 7.4, 0.5 mM EDTA, and 70 mM calcein (Sigma Aldrich). To remove excessive calcein, extruded LUVs were applied to a chromatographic column (Bio-Rad) loaded with CL-4B sepharose beads (Sigma Aldrich). Using an elution buffer containing 10 mM Tris pH 7.4, 0.5 mM EDTA, and 100 mM NaCl, they were then eluted in 0.5 mL fractions. Collected fractions were tested for release of the fluorophore by loading 50 µL of LUVs plus 150 µL of elution buffer with or without Triton X-100 on a preblocked (2 h with 5% BSA at RT) black 96-well plate (Thermofischer Scientific). Using a fluorescence plate reader (Tecan), samples were excited at 485 nm and analyzed with the Magellan software (Tecan), and fractions displaying at least 5× difference in signal strength between full release (Triton X-100 containing samples) and control state were selected for further experiments.
To assess the Bax-activating capacity of recombinant Bim L and Bmf, calcein-loaded LUVs were incubated with a combination of 100 nM Bax and either 10 nM Bim L or different amounts of Bmf (20, 50 , and 100 nM). Release of calcein was measured every 2 min for a time period of 1 h, and every time point was displayed as a percentage of the fluorophore release caused by the 1% Triton X-100-containing buffer (full release).
Results
DYNLL binding causes dimerization and complex formation of Bmf
DYNLL1 and 2 are near-identical proteins (over 93% sequence identity), yet have been proposed to perform nonredundant functions in vivo. We first analyzed the interaction of Bmf with DYNLL1 or DYNLL2 in solution by FCCS. We produced full-length mouse Bmf, DYNLL1, and DYNLL2 in Escherichia coli using an expression and purification protocol described earlier [35] . Bmf labeled with Atto488 showed equal CC (%) with both Atto655-labeled DYNLL1 and DYNLL2, indicating a similar extent of complex formation. This interaction was not seen when Bmf with an inactivating mutation in the DYNLL interaction domain (BmfT70AQ71A/BmfAA) was used (Fig. 1a, Fig. S1 ). Since DYNLL1 causes Bim dimerization [35, 39] , we tested whether the same may be the case for Bmf. As shown in Fig. 1b , a clear CC signal of Bmf labeled with two different dyes was obtained in the presence but not in the absence of recombinant DYNLL2, which indicates that DYNLL2 promotes Bmf dimerization. Again, Bmf homo-dimerization induced by DYNLL2 depended on the integrity of its DYNLL interaction domain (Fig. 1b) . Changes in diffusion time (ζ D ) of the soluble proteins measured by FCCS also suggest complex formation. Indeed, addition of DYNLL2 significantly increased the diffusion time of Bmf but not of BmfAA (Fig. 1c) . As expected, DYNLL1 also induced dimerization of Bmf in FCCS experiments (Fig. S2) . We also performed IP experiments with the unlabeled recombinant proteins. Again, both isoforms of DYNLLL interacted with Bmf (Fig. S3) . These results show that Bmf can interact with DYNLL1 and DYNLL2 in solution and that DYNLL can induce the formation of Bmf dimers.
To test for such interaction in intact cells, we co-expressed HA-tagged Bmf with V5-tagged Bmf or BmfAA in MEFs (Bax −/− Bak −/− cells were used to prevent apoptosis). IP of HA-Bmf showed clear co-precipitation of V5-tagged Bmf but not of BmfAA and vice versa (Fig. 1d, Fig. S4 ). A considerably higher amount of DYNLL was co-precipitated with HA-Bmf in the cells co-expressing V5-tagged wt Bmf. To probe for DYNLL in western blots, we used an antibody raised against DYNLL1. However, experiments with recombinant DYNLL1 and DYNLL2 proteins suggested that, although antibodies raised against either isoform are available, they lack specificity in western blot experiments (Fig. S5) . Therefore, we cannot be certain of the isoform precipitated from these cells. In a complementary approach, we also assessed the proximity of two Bmf molecules by microscopy using in situ proximity ligation assay (PLA). A strong PLA signal (higher number of interaction spots) was observed in (Fig. 1e, f) . The data indicate that Bmf forms homomeric complexes both in solution and in intact cells through the interaction with DYNLL1/2.
In the case of Bim, binding to DYNLL1 induces the formation of larger-order complexes. We tested the same for Bmf and found that indeed DYNLL1 induced the formation of large molecular weight Bmf complexes on LUV as analyzed by blue native PAGE (BN-PAGE) (Fig. 1g) . In mitochondrial fractions isolated from Bax −/− Bak −/− MEFs, also comparatively large Bmf complexes (≈200 kDa) were seen in wt Bmf-overexpressing cells when compared to BmfAA (Fig. 1h) . Unexpectedly, complexes of around 500 kDa were noticed in both Bmf and BmfAA-overexpressing cells. Therefore, it appears that in intact cells BmfAA still has some residual binding to DYNLL or it gets recruited to the large complexes indirectly via interaction with other binding partners, most likely other Bcl-2 family proteins.
DYNLL induces the formation of ternary complexes containing Bim and Bmf
Since DYNLL1-induced homo-dimerization both of Bim [35] and Bmf, it seemed possible that DYNLL binding could also induce hetero-dimers containing both Bim and Bmf. Hence, we first established that Bim bound not only DYNLL1 but also DYNLL2. As expected, similar FCCS signals were obtained between Bim L and either DYNLL1 or DYNLL2 (Fig. 2a) . When tested by FCCS, heterodimerization of Bim and Bmf was very clearly seen in the presence of DYNLL2 (Fig. 2b ) as well as with DYNLL1 (data not shown). Consistently, IP performed with untagged recombinant proteins also showed DYNLL1-or 2-induced Bim-Bmf hetero-dimerization (Fig. S6 ). Co-IP experiments from Bax −/− Bak −/− MEFs gave similar results. Overexpressed HA-Bmf pulled down wt V5-tagged Bim EL but not Bim EL AA and vice versa (Fig. 2c, Fig. S7 ). Overexpressed HA-tagged wt Bmf but not BmfAA coprecipitated endogenous Bim in Bax −/− Bak −/− MEFs (Fig. 2d ). In addition, Bmf co-precipitated endogenous Bim EL in thymic extracts from BCL-2 transgenic mice ( Fig. 2e) and Bmf IP-liquid chromatography/mass spectrometric analysis using Ba/F3 cells overexpressing Bmf plus Bcl-2 identified in addition to DYNLL1/2-derived peptides also peptides covering Bim (Table S1 ). PLA in MEFs also detected significantly higher number of interaction spots between HA-Bmf and V5-Bim EL as compared to Bim EL AA (Fig. 2f, g ). We further performed IP experiments in Bmf −/− MEFs reconstituted with V5-Bmf/BmfAA under a tamoxifen-inducible promoter. Again, endogenous Bim was co-precipitated with wt but not with BmfAAexpressing cells (Fig. 2h) . Finally, in HeLa cells, endogenous Bim co-precipitated endogenous Bmf and vice versa (Fig. 2i) . To rule out the role of BH3 domain in Bim-Bmf hetero-dimerization, we performed IP experiments with Bax −/− Bak −/− MEFs overexpressing Bmf with Bars, 20 μm. f Quantification of interaction spots from the microscopic images. Interaction spots were counted from 300 cells from three independent PLA experiments using ImageJ. The fold change in the number of interaction spots was calculated (interaction spots in V5-Bmf-overexpressing cells/V5-BmfAA). The results are represented as mean ± SD. **p < 0.01, two-tailed unpaired Student's t test. (wt: wild type V5-tagged Bmf; mut: mutant V5-tagged Bmf-expressing cells). g, h DYNLL binding leads to the formation of large Bmf complexes on synthetic membranes (g) and on mitochondria (h). g Recombinant murine Bmf or BmfAA (50 nM) were incubated with large unilamellar vesicles (LUVs) in the absence or presence of DYNLL1 (100 nM) for 30 min at 30°C. LUVs were pelleted by centrifugation and solubilized in 1% digitonin buffer, loaded onto a 6-16.5% gradient BN gel, and probed for Bmf. Data are representative of three independent experiments. h BN-PAGE was performed with solubilized mitochondrial fractions (1% digitonin buffer) from Bax −/− Bak −/− MEFs overexpressing HA-tagged Bmf or BmfAA. The complexes in wild-type Bmf-expressing cells ran >150 kDa while mutant Bmf formed relatively lower-order complexes (<66 kDa) four inactivating mutations in its BH3 domain (Bmf-BH3ΔΔ or BmfAA-BH3ΔΔ). Consistently, Bim was coprecipitated in cells expressing Bmf with intact DBD (Fig. S8) . Overall, these results identify the existence of complexes containing both Bim and Bmf, which require the binding to DYNLL. They further confirm that Bim and Bmf do not show any specificity in binding to the two isoforms of DYNLL, at least in vitro.
DYNLL was initially proposed to induce formation of ternary complexes with two structurally different binding partners. However, later studies questioned this model based on the reduced thermostability of such complexes. Interestingly, our results here show existence of DYNLLdependent complexes containing both Bim and Bmf. These two proteins belong to the BH3-only subfamily of Bcl-2 proteins and they share structural elements beyond the 
DYNLL binding determines interaction of Bmf with anti-apoptotic Bcl-2 proteins
We next analyzed the functional consequences of Bmf-DYNLL interaction. In the case of Bim, one consequence of its interaction with DYNLL1 is the much higher binding efficiency of Bim to anti-apoptotic Bcl-2 family proteins [35] . Indeed, we also observed that overexpressed Bmf was more efficient in coimmunoprecipitating endogenous Bcl-X L , Bcl-2, Bcl-w, and Mcl-1 than BmfAA (Fig. 3a, b) . Since we cannot be certain from this experiment whether the binding to antiapoptotic proteins was direct to Bmf or through the association of Bmf with Bim, we performed the same experiment with cells overexpressing Bmf with inactivating mutations in its BH3 domain (Bmf-BH3ΔΔ or BmfAA-BH3ΔΔ). These mutations disrupted the binding of Bmf to anti-apoptotic Bcl-2-proteins while the binding to Bim through DYNLL remained intact (Fig. S8 ). Bmf thus binds to anti-apoptotic Bcl-2 family proteins directly, while being part of a complex with Bim.
DYNLL-induced oligomerization of Bmf determines its stability
Structural analysis of Bmf suggests that it contains intrinsically unstructured/disordered areas. Many intrinsically disordered proteins are recognized and degraded in an ubiquitin-independent pathway by the 20S rather than the 26S proteasome [40] . The two intrinsically disordered Bcl-2 proteins, Bim and Mcl-1, have previously been shown to be degraded via the 20S proteasome [41, 42] . We have also reported that loss of DYNLL1 induces proteasomal degradation of Bim and Mcl-1 [35] . This suggested the possibility that DYNLL binding could also determine the stability of Bmf. We tested this first by directly comparing the turnover of stably overexpressed Bmf and BmfAA in MEFs. At steady state, no obvious difference in the cellular levels of Bmf and BmfAA was noticed (Fig. 4a, b) . However, the cellular levels of BmfAA were substantially reduced when compared to wt Bmf at 6 h of cycloheximide blockade of protein synthesis indicating increased stability of Bmf through complex formation. We further confirmed the role of DYNLL in Bmf stability by in vitro 20S proteasome-mediated protein degradation assay. Interestingly, recombinant Bmf and BmfAA were equally susceptible to degradation by recombinant 20S proteasome in vitro (Fig. 4c) . The addition of DYNLL2, however, inhibited degradation of wt Bmf by 20S proteasome but no such effect was seen for BmfAA (Fig. 4d) . This indicates that the DYNLL-induced complex formation indeed plays a role in determining the turnover of Bmf. Bmf can regulate the expression levels of Bim by a mechanism depending on DYNLL binding These and previous [35] results show that DYNLL1/2-induced oligomerization of Bmf and Bim determines their posttranslational stability. Since Bmf and Bim can be present in the same complex, we hypothesized that these proteins might negatively regulate the cellular levels of each other in a DYNLL-binding-dependent manner. This would also suggest that apoptosis regulated by either BH3-only protein may be affected by the levels of the other. When we tested for protein levels, we made the surprising observation that the constitutive overexpression of Bmf but not of NPCs (Fig. 5a, b) . To further confirm this, we reconstituted Bmf −/− MEFs with either V5-tagged Bmf or BmfAA under the control of a tamoxifen-inducible promoter. We have previously noticed that tamoxifen treatment induces endogenous Bim expression in MEFs (unpublished observation).
As shown in Fig. 5c , tamoxifen treatment caused induction of Bmf along with the endogenous Bim in these cells. However, again the levels of endogenous Bim were lower in Bmf-expressing cells as compared to control or BmfAAexpressing cells. Proteasome inhibition partially restored Bim levels in Bmf-overexpressing cells, confirming that the loss of Bim is primarily due to enhanced proteasomal degradation (Fig. 5c) .
Interaction of Bim with anti-apoptotic Bcl-2 proteins has been proposed to stabilize Bim [43, 44] . Bmf-induced Bim loss, therefore, could be due to the displacement of Bim from anti-apoptotic Bcl-2 proteins. We tested this possibility by expressing a Bmf mutant with four inactivating mutations in its BH3 domain in Noxa −/− Hoxb8 NPCs (Bmf-BH3ΔΔ). As expected, these mutations almost completely abolished the binding of Bmf to anti-apoptotic Bcl-2 proteins in Bax −/− Bak −/− MEFs (Fig. S8) . We chose Noxa −/− cells because in these cells SCF withdrawal-driven apoptosis is strongly Bim dependent, making it possible to determine the role of overexpressed Bmf on the activity of Bim.
We then compared the effect of Bmf or Bmf-BH3ΔΔ expression on endogenous Bim EL levels in Noxa −/− Hoxb8
NPCs. Both Bmf and Bmf-BH3ΔΔ destabilized Bim EL in a DYNLL-binding-dependent mechanism (Fig. 6a, b) . However, the loss of Bim EL was higher in cells overexpressing Bmf as compared to Bmf-BH3ΔΔ-expressing cells (Fig. 6c,  d ). When we directly compared the Bmf levels, we observed that Bmf-BH3ΔΔ was expressed at substantially lower levels compared to Bmf/BmfAA (Fig. 6d) . This suggests that the observed difference in reducing Bim levels between Bmf and Bmf-BH3ΔΔ was probably due to the unequal expression levels of these proteins. The difference in Bmf levels may be due to enhanced stability of intact Bmf through binding to anti-apoptotic Bcl-2 proteins. The destabilization of Bim by Bmf therefore requires Bmf recruitment into DYNLL-coordinated complexes but seems independent of Bmf binding to anti-apoptotic Bcl-2 proteins. Finally, when transiently expressed, the DBD of Bim (17 amino acids fused to carboxy-terminus of GFP; GFP-DBD) in 293FT cells was sufficient to interact with DYNLL1/2 and to induce Bim EL degradation (Fig. 6e-g ). We also observed destabilization of Mcl-1 in GFP-DBD expressing cells (Fig. 6f, g ). Overall, these results support our hypothesis that DYNLL-induced complex formation is a mechanism to stabilize Bim and Bmf. The data are consistent with the interpretation that, when Bmf outcompetes Bim in DYNLL-coordinated complexes, Bim is degraded by the proteasome.
Bmf overexpression sensitizes cells to apoptotic stimuli through a DYNLL-binding-independent mechanism
We used the cellular system of Hoxb8 NPCs to test for the pro-apoptotic potential of Bmf and the requirement for DYNLL binding as well as for binding to anti-apoptotic Bcl-2 proteins. These cells depend on the presence of SCF and die rapidly when it is withdrawn (20-30% cell death after 6 h, around 90% after 24 h, Fig. 7a ). Overexpression of Bmf in wt Hoxb8 NPCs showed a non-significant trend to faster cell death; this difference was slightly greater and significant (at 6 h) when BmfAA was expressed (Fig. 7a) . Deficiency of both Bim and Noxa provides good protection against this form of cell death [36] (Fig. 7b ; expression levels are shown in Fig. S9 ). In Noxa-deficient cells, both Bmf and BmfAA enhanced sensitivity to SCF-withdrawalinduced cell death to the same degree (Fig. 7c) . Bmf also sensitized to Mcl-1-inhibition and to cell death induced during differentiation but only minor differences between cells expressing Bmf and BmfAA were observed (Fig. S10) . Several studies have shown that loss of DYNLL function (either by altering its cellular levels or by targeting its binding groove) sensitizes cells to apoptosis. DYNLL is a hub protein that regulates several vital cellular functions. Therefore, it is still possible that loss of DYNLL leads to the activation of upstream signaling pathways that stabilizes Bim/Bmf in the absence of complex formation. Indeed, cJun N-terminal kinase-mediated phosphorylation of Bim (also Bmf) has been proposed to disrupt Bim-DYNLL interaction as well as to regulate its turnover [45, 46] . Only Bmf but not BmfAA has an effect on Bim levels. Since the cells expressing either Bmf variant showed the same cell death sensitivity, this suggested that Bmf itself exerted the additional killing effect. To test this further, we expressed Bmf or BmfAA with inactivating mutations in the BH3 domain (Bmf-BH3ΔΔ) in Noxa-deficient cells. Indeed, these mutants of Bmf showed no sensitizing effect (Fig. 7d) . To test directly for the killing activity of Bmf, we expressed Bmf or BmfAA in Bim/Noxa-double-deficient Hoxb8 NPCs. Intriguingly, at least in the absence of Noxa, Bmf had even stronger sensitizing activity than Bim (Fig. 7b ; compare results of Bmf in Fig. 7b with the control cells in Fig. 7c) . Again, no difference between Bmf and BmfAA was seen.
Recombinant Bmf protein can activate Bax but only indirectly
Bmf on its own thus had clear pro-apoptotic activity, which required its BH3 domain. As discussed above, it is not clear whether full-length Bmf can cause apoptosis only through inactivation of anti-apoptotic Bcl-2 proteins or through direct activation of Bax/Bak. Here we tested this by assessing membrane permeabilization using recombinant Bmf and Bax proteins. Cytochrome c release was tested on mitochondria isolated from Bax −/− Bak −/− MEFs. Addition of 40 or 80 nM of recombinant Bmf together with a constant concentration of Bax caused the release of a minor fraction of cytochrome c (Fig. 7e) . Lower amounts of Bim (10 nM) were sufficient to cause complete release of cytochrome c (Fig. 7e) . When calcein release from LUVs was tested, Bim efficiently activated recombinant Bax, as measured by the release of calcein from LUVs. No Bax-activating activity of Bmf was detected in this assay, even at ten-fold higher concentrations than those required for Bim to achieve nearcomplete calcein release (Fig. 7f) . The main difference between the two systems is the presence of anti-apoptotic proteins on mitochondria but not on LUVs. The results therefore suggest that Bmf can activate Bax indirectly, through inactivation of anti-apoptotic Bcl-2 proteins, but not directly.
Discussion
Our analysis of Bmf-DYNLL interaction provides insight into the roles of DYNLL in the regulation of mitochondrial apoptosis. The DYNLL-binding activity of Bmf has long been known [25, 27] , and the recent description of Bim complex formation by DYNLL1 suggested that Bmf might be subject to regulation similar to Bim. The finding of Bim-DYNLL-Bmf ternary complexes extends our understanding of complexes within the Bcl-2 protein family. DYNLL1 and DYNLL2 are virtually identical proteins, with DYNLL1 usually expressed at much higher levels [33, 47] . As predicted from nuclear magnetic resonance (NMR) studies of truncated Bmf (and Bim) [27] , we found no difference in binding of DYNLL1 or DYNLL2 to Bim or Bmf. Therefore, it appears that the in vivo function of DYNLL1 and DYNLL2 mainly depends on their spatiotemporal expression patterns. Intriguingly, Bmf was identified as interacting with Bim through binding to DYNLL, indicating that it is incorporated into Bim complexes in intact cells. DYNLL was initially proposed to induce the formation of ternary complexes with two structurally different binding partners. However, later studies questioned the stability of such complexes, and the current view is that DYNLL only induces the formation of stable homo-dimers. Bim and Bmf are similar proteins, and it may therefore be possible that DYNLL can induce hetero-dimerization of these proteins. We found that IP against BmfAA could not isolate Bim, and an anti-BimAA IP could not precipitate Bmf. The competition for DYNLL binding suggested by the Bmf-induced loss of Bim (which depended on an intact DYNLL-binding site) also argues that both DYNLLbinding sites are required: this suggests that indeed ternary complexes of Bim, Bmf, and DYNLL are formed. We cannot, however, formally exclude the possibility that complex formation occurs through additional sites outside the DBD. A detailed structural analysis of complexes containing Bim and Bmf, for instance, by NMR, will be necessary to exclude this possibility completely. Similar to Bim, binding to DYNLL led to the dimerization and formation of large Bmf complexes on mitochondria. Several Bcl-2 family proteins (Bim, Bmf, Noxa [48] , Mcl-1) have long stretches of intrinsically unstructured region. The stability of such disordered proteins is typically modulated through degradation by the 20S proteasome [40] . Binding partners of intrinsically disordered proteins are known to induce spatial structure and thereby modulate their function as well as posttranslational stability. Interestingly, the presence of intrinsically disordered region is also an essential feature of DYNLL-binding partners [35] .
The binding of Bmf to DYNLL probably induces spatial structure in disordered regions of Bmf, which would explain the increased affinity of Bmf for anti-apoptotic Bcl-2 proteins. Disruption of large Bim complexes by targeting DYNLL led to degradation of Bim as well as of its preferred binding partner Mcl-1 [35] . Both Bim and Mcl-1 have been shown to be degraded via ubiquitin-independent 20S proteasome. In the present study also, DYNLL-induced complex formation stabilized Bmf. Therefore, it is plausible that DYNLL-induced complex formation is relevant in regulating proteasome-mediated degradation of its binding partners. DYNLL thus regulates the stability of Bmf, Bim, and Mcl-1 proteins and therefore probably apoptosis.
A striking observation was the regulation of Bim levels by Bmf in a DYNLL-dependent but Bcl-2-bindingindependent mechanism. It is conceivable that there is a limited availability of DYNLL and that the overexpressed Bmf outcompetes Bim from the complexes and subsequently Bim is degraded. Interestingly, isoforms of Bmf lacking the BH3 domain but retaining the DYNLL-binding domain enhanced colony-forming potential of HeLa cells [32] . Similarly, we also found that expression of a conserved DBD is sufficient to induce Bim degradation. Therefore, it is a likely possibility that Bmf splice variants lacking the BH3 domain can exert their pro-survival effects by regulating the levels of Bim.
Bmf has mostly been considered a BH3-only protein of limited pro-apoptotic activity; other than in B cells, there are few examples where the loss of Bmf had a clear antiapoptotic effect. This may be a consequence of low expression of Bmf in other cell types. When we expressed it in Hoxb8 NPCs, Bmf had a strong pro-apoptotic effect in that it sensitized the cells to SCF withdrawal, to the inhibition of Mcl-1, and to the stress of differentiation. We, however, did not observe any effect of DYNLL binding on the pro-apoptotic activity of Bmf.
A number of studies have investigated the affinity of BH3-only proteins for anti-apoptotic Bcl-2 proteins (recently reviewed in [49] ). Most of these studies (and all studies investigating Bmf) have used synthetic peptides of the BH3 domain rather than full-length proteins, which may generate inherent inaccuracies. In these studies, the Bmf BH3 domain was found to bind well to Bcl-2, Bcl-X L , and Bcl-w but poorly (with the exception of one study that used a shorter peptide [49] ) to Mcl-1 and negligibly to A1/Bfl-1. In the studies available, the Bmf BH3 peptide was unable to directly activate Bax. When Bmf was, however, tested as a recombinant chimera, where the BH3 domain of Bid was replaced with the BH3 domain of Bmf, this protein could directly activate Bax although the activity was considerably smaller than in the case of the Bim BH3 domain [50] . Despite cytochrome c-releasing activity and although Bmf had substantial pro-apoptotic activity in vivo, we failed to find direct Bax-activating activity of recombinant Bmf. Bmf therefore seems not to be able directly to activate Bax/Bak, but at least in the Hoxb8 model this did not affect its proapoptotic activity.
Many models still are built on the one-to-one interactions of BH3-only proteins and anti-apoptotic Bcl-2 proteins. The identification of DYNLL-mediated Bim-containing [35] and now Bmf-Bim complexes further extends the possibilities of regulation. Through the sequestration into Bimcontaining complexes, the recruitment of anti-apoptotic Bcl-2 proteins, and the regulation of Bim abundance, Bmf likely has functions beyond the immediate neutralization of a subgroup of anti-apoptotic Bcl-2 proteins. Mitochondrial apoptosis, with all its biological and medical ramifications, thus is subject to regulation by the non-Bcl-2 family protein DYNLL.
